Determination of glomerular filtration rate (GFR) is a valuable, yet underused, diagnostic tool for evaluating renal function in dogs and cats. This article first reviews the hormonal and hemodynamic factors which contribute to GFR, followed by a description of considerations when selecting a pharmacokinetic model and methods of animal-to-animal standardization. The bestcharacterized existing GFR markers, including creatinine, radiolabeled markers, and iohexol, are reviewed in depth, as well as alternative but lesser-used techniques. A weighted means analysis of reported GFR measurements in healthy dogs and cats and a review of selected studies that have examined GFR alterations in animals with naturally-occurring and experimental diseases provide the reader with preliminary guidelines on expected GFR results in these species and disease conditions.
Introduction
Glomerular filtration rate (GFR) is a measurement of kidney filtration and excretion that can detect decreases in organ function far earlier than more widely-used markers of renal function. Despite its superiority for detecting early renal dysfunction, measurement of GFR remains an underused tool in the diagnosis and management of kidney disease in veterinary medicine. Serum creatinine concentration has replaced GFR measurement in most clinical settings because of its ease and widespread availability; however, because serum creatinine likely does not increase above reference range until approximately 75% of nephrons are nonfunctional, and falsely increased creatinine concentrations may occur with some assays, the sensitivity and specificity of creatinine for diagnosis of kidney disease should be considered inferior to actual determination of GFR.
There are several situations where determination of GFR may be theoretically useful in clinical patients. For example, in patients with serum creatinine concentrations that are within the upper limits of the laboratory's reference range or only mildly increased, GFR measurement allows practitioners to more confidently determine whether or not kidney disease is present. In polyuric, non-azotemic patients, GFR measurement is required to diagnose or exclude renal insufficiency as the primary cause of defective urine concentrating ability. GFR measurement may also be useful as an adjunctive tool for early screening of some dog breeds at known risk for hereditary nephropathies; while normal GFR cannot predict later development of kidney dysfunction, or if below normal, does not provide information as to the cause, results may assist in making breeding recommendations and for identifying dogs that may require more frequent monitoring or are at risk of renal failure. Finally, accurate measurement of GFR may, in theory, be used for drug dose adjustments in patients with renal disease in order to avoid overdosing of medications that are renally excreted, or alternatively to allow earlier detection of nephrotoxicity.
Although several techniques have been validated in both research and clinical settings, there is still a need in veterinary medicine for a widely-available method to determine GFR that is easy to perform by general practitioners. Currently available methods may be difficult, expensive, or require multiple blood draws or 24-h urine collection. Also, establishment of a single GFR reference range for use in all dogs and cats may be inappropriate because filtration rate is possibly influenced by several extra-renal factors, including sex, age, breed, dietary protein intake, hydration status, sodium balance, and day-to-day circadian rhythm. The purpose of this article is to provide an overview of glomerular hemodynamics and factors that determine glomerular filtration, describe the general principles of GFR measurement, including frequently employed markers and the calculations used to determine rate of excretion, and discuss several factors that must be considered when measuring GFR. The most commonly used (and best established) techniques for measuring GFR in dogs and cats will be reviewed, including final comments on the future of GFR measurement.
Glomerular hemodynamics
The primary function of the nephron is filtration of plasma as it flows through the glomerulus, followed by renal tubular secretion and reabsorption of electrolytes, bicarbonate, buffering molecules, macromolecules, and water. Global GFR is the total filtration rate of both kidneys, and thus is the sum of the total single-nephron filtration rates; for a more thorough discussion of glomerular physiology and the intrinsic mechanisms which influence GFR, the reader is referred to previously published review articles and textbooks (Rose and Post, 2001; DiBartola 2005; Komlosi et al., 2009; Loutzenhiser et al., 2006; Holecheck, 2003) .
Several key factors contribute to the determination of GFR and thus, the formation of the ultrafiltrate. Most importantly, formation and composition of the ultrafiltrate depends on the oncotic and hydrostatic pressures of plasma and of the ultrafiltrate already present in Bowman's space. In addition, the surface area available for filtration and the inherent permeability of the individual capillary bed affect the rate of fluid formation, and are represented by an 'ultrafiltration constant.' These factors are incorporated into the modified Starling equation:
where P gc is the hydrostatic pressure within the glomerular capillary, P b is the hydrostatic pressure of the ultrafiltrate in Bowman's space, π gc is the oncotic pressure within the glomerular capillary, π b is the oncotic pressure in Bowman's space, and K f is the ultrafiltration constant. Because charge and size selectivity of the various layers of the glomerulus prevent passage of virtually any protein into the ultrafiltrate under normal conditions, π b should be zero in animals with normal kidneys (Starling, 1899) .
As blood flows from the afferent arteriole through the glomerular capillaries and into the efferent arteriole, the intra-capillary hydrostatic pressure remains relatively constant; however, the oncotic pressure within the glomerular capillaries steadily increases as proteinfree fluid is filtered into Bowman's space, and intra-capillary plasma protein concentration increases. Under normal conditions in primates the gradient favoring filtration eventually falls to zero after filtration of approximately 20% of total renal plasma flow (RPF) (Maddox et al., 1974) ; this is not constant in all mammalian species, however, as in cats, hydrostatic pressure exceeds oncotic pressure throughout the glomerular capillary bed (Brown, 1993) .
In order to maintain excretion of waste products, conservation of water and electrolytes, and acid-base balance, GFR must remain relatively constant under a variety of conditions. This is primarily achieved via adjustments to glomerular arteriolar resistance, which minimizes changes to GFR via alterations in P gc . For example, constriction of the afferent arteriole decreases P gc via reduced RPF. In contrast, constriction of the efferent arteriole without an associated constriction of the afferent arteriole increases P gc by preventing blood outflow, and thus GFR increases. Constriction at either end of the glomerular capillary bed will also affect renal plasma flow because resistance across the arterioles contributes to 85% of total renal vascular resistance (Renkin and Robinson, 1974) . At the level of the afferent arteriole, GFR and RPF are regulated in parallel, while at the efferent arteriole, they have an inverse relationship. That is, if the afferent arteriole is constricted, both GFR and RPF are decreased and thus the filtration fraction (i.e. GFR/RPF) remains the same. If the efferent arteriole is constricted, GFR will increase, but RPF will decrease, causing an increase in the filtration fraction.
Several interrelated mechanisms regulate arteriolar resistance, of which the best described are renal intrinsic autoregulation, tubuloglomerular feedback, and several neurohumoral influences, particularly angiotensin II. Autoregulation refers to the nephron's inherent compensatory properties that ensure GFR and RPF remain relatively constant over a wide range of normal systolic arteriolar pressures. As systolic blood pressure increases, the afferent arteriole appropriately constricts to maintain P gc and GFR; conversely, as systolic blood pressure decreases, the afferent arteriole dilates (Navar, 1978) . However, this autoregulation is only effective to a minimum systolic blood pressure of 70 mmHg (Navar, 1978) . Below this, assuming no other mechanisms are functional, GFR decreases in proportion to the severity of hypotension until 40-50 mmHg, at which point GFR is zero (Navar, 1978) .
GFR also changes in response to the flow rate of ultrafiltrate through the tubules via tubuloglomerular feedback; it appears that the major function of this mechanism is to prevent excessive sodium, chloride, and water loss (Moore, 1982) . The macula densa, a region of specialized cells of the distal convoluted tubule which are part of the juxtaglomerular apparatus, senses changes in ultrafiltrate chloride concentration. Any increase in intraglomerular perfusion pressure leads to an increase in GFR and subsequent increased delivery of chloride to the macula densa (Lapointe et al., 1990) . Through unknown mediators this induces afferent arteriolar constriction which returns GFR, and thus delivery of chloride to the macula densa, to normal.
The most common cause of decreased GFR is reduced renal artery pressure secondary to hypotension or effective circulating volume depletion (Dzau, 1987) ; this activates neurohumoral mechanisms, particularly the sympathetic nervous system. This results in norepinephrine release, which both directly increases afferent arteriolar tone and indirectly increases efferent arteriolar tone via release of renin from the juxtaglomerular cells and downstream activation of angiotensin II (Myers et al., 1975) . Angiotensin II increases sodium reabsorption in the proximal tubule, and thus directly increases intravascular volume as well as inducing aldosterone secretion from the adrenal cortex, which further enhances sodium transport and water reabsorption in the cortical collecting ducts. In addition, angiotensin II is a systemic vasoconstrictor and secondarily enhances norepinephrine release, which as discussed further increases systemic blood pressure (Ischikawa and Harris, 1991) . Once systemic volume expansion occurs, renal perfusion and GFR increase. This results in a decrease in norepinephrine and angiotensin II release and an increase in dopamine and atrial natriuretic peptide (ANP) secretion. Dopamine dilates the afferent and efferent arterioles, thus decreasing angiotensin II-induced renal vascular constriction and improving renal perfusion; ANP induces afferent arteriolar dilation and efferent constriction, which increases P gc and GFR without altering RPF because renal vascular resistance remains constant.
Determination of glomerular filtration rate
Plasma clearance refers to the amount of an injected substance (the 'marker') removed from the plasma over a given interval of time, expressed as the volume of plasma theoretically rendered 'clear' of the substance (i.e. mL/min). If a marker is eliminated solely by the kidneys via glomerular filtration and then is neither reabsorbed nor secreted by the tubules, renal clearance is equal to plasma clearance, and is an accurate estimate of GFR.
Determination of renal clearance requires that the amount of marker excreted in the urine and the amount of marker in the plasma are both assayed. All urine must be collected over the course of the study; if urine collection is incomplete, the amount of marker in the urine and GFR will be underestimated. Because 24-h urine collection is often impractical, plasma clearance is frequently substituted for renal clearance both clinically and in the research setting. Plasma clearance does not measure the amount of marker excreted in the urine, but instead calculates GFR by determining the reduction in plasma concentration of a marker over time. The formula for plasma clearance (CL plasma ) is:
where D is the dose of the marker and AUC is the area under the plasma concentrationversus-time curve. The plasma concentration-versus-time curve (also referred to as the plasma disappearance curve) is determined by obtaining multiple plasma samples at set time intervals for a predetermined length of time. The number of plasma samples obtained as well as the time points after injection of marker at which they are obtained depends on the pharmacokinetic model.
Pharmacokinetic models for GFR calculation
Pharmacokinetic models consider the body as a series of compartments through which a marker distributes. The type and number of compartments used in model construction affects the resultant total area under the plasma concentration-versus-time curve. In veterinary studies using plasma clearance to determine GFR, one-compartment, twocompartment, multi-compartmental, and non-compartmental models have all been considered (Fig. 1) .
The one-compartment model views the body as a single compartment, and immediate distribution of the marker throughout the body is assumed to occur. This model produces a straight line (i.e. a linear slope) plasma disappearance curve. The benefit of this model is that limited sampling is required to produce a curve, as the slope of the line between any two time points is assumed to be constant throughout elimination of the compound. However, the recognized error of this model is that immediate distribution of a marker throughout the body does not occur in truth (Sapirstein et al., 1955) .
The two-compartment model assumes that reduction in plasma concentration of a marker is due to initial movement from the vasculature into the body tissues, followed later by elimination from the body. Thus, the resultant plasma concentration-versus-time curve can be resolved into two straight lines: an initial, decreasing, steep portion which reflects rapid redistribution of marker, and a second, less steep portion which represents elimination. Although two-compartment models are likely more accurate because they recognize the influence of tissue distribution on clearance, if the extracellular fluid volume is abnormal then resolution of the curve into two lines may not be possible because of slowed redistribution (Hall et al., 1977) . Multi-compartmental models are similar to twocompartment models, except that for each number of compartments conceptualized, the curve is resolved into an equal number of straight lines.
Non-compartmental models calculate the area under the plasma concentration-versus-time curve by adding the area of each trapezoid defined by the curve. This model is useful because the number of compartments do not need to be defined. However, because the terminal portion of the curve (from the last sample to the time of theoretical zero plasma concentration) is estimated, errors may occur. In addition, inappropriately early termination of plasma sampling means that a large portion of the curve must be estimated and this may also increase error in GFR calculation (Purves, 1994) .
Regardless of the inherent disadvantages of the various models, use of plasma rather than renal clearance has allowed for more simple and rapid techniques for GFR measurement. The plasma clearance methods avoid urine collection, although precisely timed blood collections can be difficult when required for single-compartment models, and multiple samples may be inappropriate in small or anemic patients or difficult in fractious animals. To make GFR measurement more clinically feasible, several studies have focused on limited sampling techniques for determining plasma clearance and comparing their validity with other methods. The number of samples that balances these potential clinical limitations with the requirements of various pharmacokinetic models for plasma clearance methods also depends on the GFR marker used (see below) and has yet to be established.
Standardization and variation in GFR
The most commonly used GFR standardization method is to body weight in kg. This assumes that renal clearance is associated with body weight in a linear fashion; however, this may not be the case in very small (<10 kg) or very large (>50 kg) dogs due to metabolic scaling (Goy-Thollot et al., 2006b; Bexfield et al., 2008) . In people, body surface area is used for standardization rather than body weight. Some veterinary studies have applied this method (Moe and Heiene, 1995; Goy-Thollot et al., 2006a; Goy-Thollot et al., 2006b ); however, the most appropriate formula for estimating body surface area in veterinary species is unknown. Extracellular fluid volume (ECFV) has also been used as a method of standardization, (Bexfield et al., 2008; Heiene et al., 2009 ) because ECFV regulation is closely related to GFR; however, results have been variable and this method needs to be evaluated more before its use can be recommended. While dogs have variable results depending on the method of standardization utilized, most studies in cats produce acceptable results for normalization using body weight, ECFV, or body surface area, likely due to their smaller range of body sizes (Goy-Thollot et al., 2006b; van Hoek et al., 2007) . However, at least one study (Bexfield et al., 2008 ) did find some variation in cats based on body weight, perhaps due to larger sample size and more diversity in breeds. In short, the ideal standardization method is unknown at this time.
In addition to body size, GFR may be influenced by age, gender or breed. While some studies have demonstrated an influence of age on GFR (Queau et al., 2007; van Hoek et al., 2007) , others have found that age does not affect GFR in either dogs (Bexfield et al., 2008) or cats (Heiene et al., 2009 ). In addition, no interaction has been found between age and body weight, with the exception of dogs with very low body weights, where GFR was found to increase with age (Bexfield et al., 2008) . This is in discordance with humans, where increasing age consistently leads to a decrease in GFR (Hoang et al., 2003) . The shorter lifespan of dogs relative to humans may explain this discrepancy, particularly if age-related GFR decreases are due to absolute time span rather than relative age (Bexfield et al., 2008) . Gender may have an influence on GFR because creatinine is actively secreted in small amounts by the renal tubules in male dogs; therefore, creatinine clearance techniques in male dogs may overestimate GFR . Although the effect of breed on GFR has not been extensively evaluated in either dogs (Lefebvre et al., 2006) or cats, breed is associated with plasma creatinine concentration in dogs, and thus may have an influence on GFR (Reynolds et al., 2008) .
Markers and techniques for GFR determination
Appropriate markers for GFR measurement are freely filtered through the glomerulus, not bound to plasma proteins (which would delay filtration and lead to a falsely decreased estimate of GFR), and are neither reabsorbed nor secreted by renal tubules (Fig. 2) . Markers should not be toxic and cannot themselves alter GFR. Inulin is a fructose polymer that comes very close to satisfying all these criteria, and thus, renal clearance of inulin is the gold standard for measuring GFR (Haller et al., 1998; KuKanich et al., 2007) . However, several limitations have minimized the use of renal clearance of inulin to research settings. The assays available for measurement for inulin are technically challenging and not widely available. In addition, accurate, complete, 24-h urine collection is required for inulin-based renal clearance techniques; animals must therefore be placed in a metabolic cage or must be catheterized at regular intervals to remove all urine (Moe and Heiene, 1995; KuKanich et al., 2007) .
Creatinine
Creatinine is freely filtered by the glomerulus and is not protein-bound. It is produced at a constant rate from breakdown of creatine phosphate in muscle tissues and is only minimally influenced by protein intake, metabolism or physical activity (Bovee and Joyce, 1979) . Although creatinine is not reabsorbed by the renal tubules, it is secreted to a small degree in male dogs, which may lead to an overestimation of GFR . In addition, plasma and serum contain other molecules which are inappropriately measured as creatinine when assayed by the Jaffe method; the influence of these non-creatinine chromagens on GFR is highest when they make up a large portion of the assay 'positive' results (i.e. when creatinine is within the reference range) and result in an underestimation of true GFR.
Endogenous creatinine clearance evaluates GFR by measuring natural creatinine concentrations in blood and urine. Because GFR assays are most commonly performed in patients with serum creatinine concentrations within the reference range, endogenous creatinine clearance GFR results may be falsely decreased due to persistence (i.e. lack of renal elimination) of serum non-creatinine chromagens if creatinine is measured by the Jaffe reaction; this does not occur with enzymatic creatinine assays. While initial endogenous creatinine urinary clearance results were higher than inulin urinary clearance results (Bovee and Joyce, 1979) , GFR measurements obtained via urinary clearance of endogenous creatinine were very similar (Finco et al., 1993) , slightly higher (Krawiec et al., 1986) , or slightly lower (Finco et al., 1981) when assayed by newer enzymatic techniques than those obtained using renal clearance of inulin. Although the accuracy of the endogenous creatinine clearance technique has not been completely established, this technique is rarely performed anymore since newer methods for evaluating GFR have been developed.
In order to minimize the inherent problems with the endogenous creatinine clearance technique, the exogenous creatinine clearance method was developed. For this technique, an IV bolus, constant rate infusion, or SC injection of creatinine is administered to increase the plasma creatinine concentration to the point that non-creatinine chromagens are insignificant. Clearance can then be evaluated via renal or plasma clearance techniques, as both have shown good agreement with renal clearance of inulin (Finco et al., 1981; Finco et al., 1991; Watson et al., 2002) .
Disadvantages of measuring GFR via renal clearance of exogenous creatinine are the need for a continuous infusion of creatinine, the need for complete urine collection, and the possibility that exogenous creatinine clearance is overestimated in male dogs due to the low tubular secretion of creatinine. However, exogenous creatinine renal clearance results were not influenced by gender, time after onset of renal disease, or dietary protein intake in one study (Finco et al., 1991) . Also, validation of a single injection method of creatinine (versus a constant rate infusion) demonstrated that urinary clearance of exogenous creatinine correlated well to that of inulin (Finco et al., 1981) .
Although GFR obtained by plasma clearance of exogenous creatinine administered by constant rate infusion was higher than that obtained with renal clearance in dogs in one study (Labato and Ross, 1991) , comparison of plasma clearance with renal clearance of inulin has demonstrated that plasma clearance of exogenous creatinine either underestimates GFR or leads to similar results (Watson et al., 2002; Finco, 2005) . In cats, constant rate infusion-administered exogenous creatinine clearance may underestimate GFR by as much as 18.8%, (Ross and Finco, 1981; Uribe et al., 1992 ) and therefore may not be useful in this species. However, because patients underwent general anesthesia during the exogenous creatinine clearance studies and sample sizes were relatively small, this poor correlation may be due to experimental design flaws rather than true poor performance of the assay (Rogers et al., 1991) . In more recent studies, single IV bolus injections of creatinine have allowed calculation of GFR in both dogs and cats (Watson et al., 2002; Le Garreres et al., 2007; Cortadellas et al., 2008; van Hoek et al., 2007; van Hoek et al., 2008; van Hoek et al., 2009a) .
Like the constant rate infusion technique, bolus administration of creatinine at a variety of doses underestimates GFR in dogs as compared to plasma inulin (Watson et al., 2002) , but the single injection method greatly simplifies the monitoring and equipment for GFR measurement. Plasma clearance of exogenous creatinine in cats has not been directly compared to inulin clearance, but correlation with results obtained via iohexol clearance may be influenced by the stereoisomer of iohexol being measured and by whether GFR is within the range expected in healthy animals or increased or decreased by concurrent disease (Le Garreres et al., 2007; van Hoek et al., 2007; van Hoek et al., 2008; van Hoek et al., 2009a) . Differences in the reported accuracy of exogenous creatinine clearance studies may also be due to the pharmacokinetic models chosen, as the pharmacokinetic model used in one study (Finco, 2005) necessitated that a large percentage of the AUC be determined by extrapolation, which may have led to underestimation of GFR. Alternatively, extrarenal clearance of creatinine may theoretically falsely increase GFR results; however extrarenal elimination of creatinine in one study was insignificant (i.e. < 1%) (Labato and Ross, 1991; Watson et al., 2002) .
Despite these inconsistent results, plasma clearance of exogenous creatinine has been accepted as an accurate, simple, method for determining GFR. However, special attention must be paid to the pharmacokinetic model used, as this may be responsible for the reported variations and affect the timing of blood sampling. Sampling should extend over 10 h in dogs with a GFR that is decreased < 60%, with three to five samples drawn in total (Watson et al., 2002) .
Radiolabeled markers
Radiolabeled markers can be used to determine renal or plasma clearance. Older markers include [ 125 I] sodium iothalamate and [ 131 I] sodium iodohippurate, but these have been replaced by newer agents such as 51 Cr-ethylenediaminetetraacetic acid (EDTA) and 99m Tcdiethylenetriaminepentaacetic acid (DTPA). These markers are freely filtered by the glomerulus and are not reabsorbed or secreted by the renal tubules, thus fulfilling criteria of ideal GFR markers (Krawiec et al., 1988) . In addition, although radiolabeled markers are very stable in blood and thus can be easily stored or shipped to outside laboratories, the in vivo half-life of 99m Tc-DTPA is only 6 h, so patients are usually cleared of radioactivity within 24-48 h. In comparison, the half-life of [ 125 I] sodium iothalamate is approximately 60 days (Matthews, 1960) and for [ 131 I] sodium iodohippurate is approximately eight days (Amdur and Mazzaferri, 2005 ).
An additional benefit of using these radionuclides is that renal scintigraphy can be performed using a gamma camera to estimate either individual kidney or global GFR by measuring the percentage dose uptake of marker by each kidney (Uribe et al., 1992; Barthez et al., 1998; Kampa et al., 2006) . The primary limitations associated with these markers are the availability of laboratories that can assay radioactivity and having the appropriate facilities to conduct nuclear medicine-based tests. In addition, when measuring GFR via gamma camera-estimated radionuclide uptake, there is possible introduction of error based on operator inexperience with defining the area of interest, as well as the need to adjust for kidney depth (Kampa et al., 2006) . Unfortunately, unlike plasma clearance methods of GFR determination where later time points (i.e. up to several hours post-injection) are used to determine rate of marker clearance or AUC, gamma camera measurements require almost immediate post-injection image acquisition; therefore, some investigators have suggested that unanticipated early excretion of 99m Tc-DTPA (before the 1-3 min post-injection measurement window) may be the cause of higher intra-dog variability with this technique or of sporadic GFR underestimation (Kampa et al., 2006) . Dogs with suspected naturally-occurring or amphotericin-B-induced renal disease have nuclear scintigraphic-determined GFR results comparable to those obtained with renal clearance of endogenous creatinine, with the former group also having good correlation with inulin clearance (Krawiec et al., 1986; Krawiec et al., 1988) ; however, 99m Tc-DTPA plasma clearance may be more accurate than renal scintigraphy in dogs with renal dysfunction (Barthez et al., 1998) . Unfortunately, initial 99m Tc-DTPA plasma clearance studies used a limited number of blood samples obtained over a 4-h time period, which decreases the accuracy of this method (Barthez et al., 1998; Barthez et al., 2000) . Nevertheless, comparison of one-and two-sample methods to a 12-sample, two-compartment model has demonstrated that plasma clearance of 99m Tc-pentetate can be estimated with one or two blood samples with a reasonable margin of error in both dogs and cats (Barthez et al., 2001 ).
Use of plasma clearance or renal scintigraphic uptake of 99m Tc-DTPA to measure GFR in cats has yielded GFR values similar to those obtained by plasma clearance of exogenous creatinine clearance and plasma clearance of inulin (Rogers et al., 1991; Uribe et al., 1992) . However, some GFR values reported are lower than those determined in other studies (Osbaldiston and Fuhrman, 1970; Ross and Finco, 1981; Fettman et al., 1985; Russo et al., 1986 ) even though chemical restraint was not used. This discrepancy may have been due to stress, age, or other unknown factors (Uribe et al., 1992) . Alternatively, measurement of GFR in cats via plasma clearance of 51 Cr-EDTA has been optimized for collection of a single post-injection sample (Vandermeulen et al., 2008) . Although the sensitivity of 51 Cr-EDTA was sufficient to identify differences between animals with presumptively normal and increased GFR (Vandermeulen et al., 2008) , further validation is still required, as an earlier study suggested that reproducibility of GFR results using 51 Cr-EDTA in a small number of cats was much lower than that demonstrated with either exogenous creatinine or iohexol clearance (van Hoek et al., 2007) .
Although the renal extraction of 99m Tc-DTPA over a finite amount of time correlates well with inulin clearance in dogs and thus is a reliable, accurate estimate of GFR (Krawiec et al., 1986; Krawiec et al., 1988; Uribe et al., 1992) , plasma clearance of radiolabeled markers has recently been called into question because 99m Tc-pentetate produces consistently lower GFR values when compared with renal clearance of inulin (Finco, 2005) . However, this difference may be due to intra-dog daily variations in GFR rather than a result of the radionuclide technique itself (Kampa et al., 2003) . Additional studies are needed to determine why these differences exist and which radionuclide is best suited for GFR measurement in dogs and/or cats.
Iohexol
Iohexol is a nonionic, iodinated contrast agent used as a marker in both renal and plasma clearance studies. Iohexol can be assayed by a variety of techniques and iodinated compounds are in general very stable in plasma samples, allowing them to be frozen for extended times. Virtually all injected iohexol is excreted unchanged in the urine with an average half life of 74 min (Mutzel and Speck, 1980) . Although contrast agents may induce acute renal failure in people, particularly in those with pre-existing renal dysfunction, iohexol is generally considered very safe (Nossen et al., 1995; Rudnick et al., 1995) . While the various methods of measuring iohexol in plasma produce consistent results over a variety of GFRs, variation exists between the absolute values obtained with each (Brown et al., 1996a; Finco et al., 2001; Miyamoto, 2001b) . In addition, further investigation is necessary to determine which iohexol assay should be used when determining GFR, as results of endo-and exo-iohexol (the two stereoisomers of iohexol) assays have been significantly different from each other in recent studies, and may be due to higher reproducibility, and therefore accuracy, of exo-iohexol HPLC assays (Le Garreres et al., 2007; van Hoek et al., 2007; van Hoek et al., 2008; van Hoek et al., 2009b) .
Most veterinary studies establishing the validity of iohexol for GFR measurement in dogs have compared iohexol clearance to exogenous or endogenous creatinine clearance rather than renal clearance of inulin. When compared to plasma clearance of 99m Tc-DTPA, iohexol is useful for estimating GFR despite yielding consistently lower results (Moe and Heiene, 1995; Gleadhill and Michell, 1996) . Plasma clearance of iohexol is valid in both dogs and cats (Miyamoto, 2001b ) when compared to renal clearance of exogenous creatinine (Brown et al., 1996a; Finco et al., 2001 ), although differences exist based on which model is applied to the AUC calculation (Brown et al., 1996a) .
Because iohexol plasma clearance appears to be the simplest and most accurate method for determining GFR in clinical practice, several studies have attempted to determine the lowest number of blood samples required for accurate results. Obtaining two plasma samples 5 and 120 min following marker injection in dogs and 20 and 180 min after injection in cats allows assessment of GFR with an acceptable margin of error (Goy-Thollot et al., 2006a) . In addition, a 3-sample plasma clearance of iohexol protocol in healthy dogs of various body sizes also demonstrated good results (Bexfield et al., 2008) comparable to previous studies (Moe and Heiene, 1995; Brown et al., 1996a; Finco et al., 2001; Goy-Thollot et al., 2006a) .
In cats, two-and four-sample plasma clearance of iohexol has also provided accurate results when compared with plasma clearance of exogenous creatinine (Heiene et al., 2009 ). Finally, gadolinium, a contrast agent used for magnetic resonance imaging contrast studies, may be useful as an alternative marker to iohexol either via direct measurement of plasma clearance or when bound to a radionuclide, but studies are limited at this time (Magnotti et al., 2009; Nolan et al., 2009 ).
Alternative markers and techniques for determination of GFR
While renal or plasma clearance of injected markers are the most widely employed technique for evaluation of GFR, several other methods are worth mentioning. These include the relationship between GFR and the inverse of creatinine, the use of contrastenhanced computed tomography (CT), and use of serum cystatin C as a marker of GFR.
The reciprocal of serum creatinine decreases in a linear fashion as renal disease progresses (Allen et al., 1987; Sanderson et al., 2005) . A regression equation has been developed based on the relationship between plasma creatinine concentration and GFR as measured by renal clearance of inulin. This equation may be useful in predicting GFR based on creatinine concentration and does not require advanced diagnostics or assays with limited availability to perform (Finco et al., 1995) . Unfortunately, this assay is likely most accurate when creatinine is greater than the reference range, which is when measurement of GFR is least useful.
Use of CT for GFR evaluation allows non-invasive measurement of the concentration of an injected marker (usually iohexol) by determining renal uptake both globally and by each kidney separately, similar to renal scintigraphy. In addition, CT eliminates the need for radioactive markers (O'Dell-Anderson et al., 2006) . A region of interest is drawn around each kidney and the Hounsfield units (HU) are calculated in these regions. A linear relationship exists between iodine concentration and the degree of HU attenuation within the kidney. Repeated imaging allows progressive attenuation to be observed over time, and thus rate of contrast uptake, and therefore presumptive rate of elimination, can be made ( Cystatin C is a protease inhibitor produced by all nucleated cells at a constant rate (Randers et al., 2001) . It is filtered by the glomeruli without tubular secretion, making it a candidate marker for determination of GFR. Although cystatin C may eventually supplant creatinine as a marker of renal disease in people, studies in dogs have yielded conflicting results. Serum cystatin C increases in dogs with naturally occurring diseases associated with renal impairment, and is a more sensitive marker of renal disease than creatinine (de Scally et al., 2006; Antognoni et al., 2007; Wehner et al., 2008; Miyagawa et al., 2009; Pasa et al., 2009) ; however, creatinine is slightly more specific (Wehner et al., 2008) .
Expected GFR in healthy and diseased dogs and cats
Although published studies of healthy animals have reported GFR results for the various techniques, 'normal' GFR is poorly defined in dogs and cats, and a reference range has not been definitively agreed upon; the variation in results reported in normal dogs and cats has been evident in previously reported surveys of the GFR body of literature (Moe and Heine, 1998) . The primary reason why a reference range for GFR has not been produced is most likely due to variations in protocols (i.e. markers used, assays for measurement of serum or urine marker concentration, urine or blood sampling times, and pharmacokinetic models used for GFR calculation), as well as the unclear influence of the previously discussed factors that may influence GFR, such as patient signalment, circadian variation, hydration status, dietary protein concentration, and the use of sedation during GFR measurement. As with any analyte, it is important that each laboratory establish its own reference range for a given GFR protocol.
Using these previously reported GFR results and weighing mean values based on sample sizes, weighted means and standard deviations were used to calculate 95% confidence intervals for each method of GFR assessment in dogs and cats (Tables 1 and 2) . Interestingly, although the various published studies and GFR results superficially appear to vary by a wide margin, using this weighted mean technique it becomes evident that all methods of GFR determination lead to somewhat equivalent results. Unfortunately, many published studies could not be used in these analyses because reported GFR results represented a mixed population of healthy and diseased animals.
When comparing these means, factors such as age, sex, breed, and method of creatinine measurement were not considered. In addition, the weighted mean and 95% confidence interval for plasma exogenous creatinine clearance in dogs includes one study (Labato and Ross, 1991) that reported GFR results (7.42 mL/min/kg; 30 dogs) more than two times greater than all other reported GFR values, and thus resulted in a much higher weighted mean GFR for this technique. If this study is removed from the analysis, the mean GFR for plasma clearance of exogenous creatinine is again very similar to other methods in dogs. Therefore, this preliminary comparison of reported GFR suggests that concerns that variations in techniques may make comparison of values from laboratory to laboratory inappropriate are overstated or potentially unfounded.
We must emphasize that the purpose of these 95% confidence interval calculations is to provide approximate GFR values in healthy animals, not to report definitive reference ranges. Patient-specific factors suggest that rather than comparing a single GFR measurement to a reference range, comparing serial measurements over time in a patient may be more useful and appropriate. A complicating factor, however, is that observed changes in GFR over time must be balanced by the coefficients of variation reported for the various markers. For example, variability for the exo-iohexol isomer in cats and for 99m Tc-DTPA renal scintigraphic uptake in dogs is between 7.0 and 9.0% (Kampa et al., 2003; van Hoek et al., 2007) , whereas variability for the endo-iohexol isomer in cats and exogenous creatinine clearance following intravenous bolus administration is between 14.0 and 17.5% (van Hoek et al., 2007) .
Despite the relatively large number of studies which have investigated various techniques for measurement of GFR in normal dogs and cats and those with naturally-occurring or induced renal dysfunction, few have reported the prevalence or severity of GFR decreases in dogs or cats with non-renal diseases. Reduced GFR has been best documented in nonazotemic animals with diseases commonly associated with renal dysfunction, such as hyperthyroid cats following treatment and return to a euthyroid state, or dogs with leishmaniasis (Tables 3 and 4) . However, changes in GFR that occur with those conditions which may have some effect on kidney function without commonly resulting in azotemia, such as lymphoma or neoplasia in general, or during and following anesthesia of patients with concurrent metabolic derangements, still require further characterization.
Conclusions
Although GFR measurement allows earlier detection of renal disease than other available assays, it is still a highly underutilized tool in dogs and cats. Simplification of assay protocols has been attempted by validating new markers and modifying sampling methods.
However, lack of standardization of protocols and concerns about reproducibility of results make comparison of results from different laboratories difficult. In addition, while all GFR methods are considered acceptable, they may never have been compared to urine clearance of inulin, the gold standard. For GFR to become a practical tool in veterinary practice, standardized protocols should be adopted for each marker, thus allowing veterinarians to compare GFR results obtained at different places or times. Finally, breed-and agedependent differences in GFR must be further investigated to determine whether a single reference range is appropriate for all animals. Brown SA, Haberman C, Finco DR Calculation of GFR is affected by the pharmacokinetic model chosen. In all three graphs, true elimination pharmacokinetics of a hypothetical marker are indicated by the solid black line; measured concentrations of the marker in serum or plasma at various time points are indicated by black dots overlying the black line. A. In a one-compartment model, all time points are used to calculate a single 'best fit' line, the slope of which is used to calculate GFR (dashed line). B. In a two-compartment model, initial redistribution of the marker is determined from early time points (dotted line), whereas later time points are used to calculate GFR (dashed line) as for the one-compartment model. C. In non-compartmental models, time points are used to construct trapezoids for estimating the area-under-the-curve. A nephron demonstrating the characteristics of an ideal GFR marker. A marker (hexagons) used for measurement of GFR should freely enter the glomerulus via the afferent arteriole (1), and be filtered across the glomerular capillary endothelium, basement membrane, and podocytes (2) into Bowman's space (3). The marker should then pass through the tubules without reabsorption or secretion (4), and pass into the urine (5). Not all marker molecules which enter the glomerulus will be filtered into the urine during each pass through the capillary bed, and instead will exit via the efferent arteriole (6) and be filtered during subsequent passes through the kidney. GFR by plasma clearance is determined by rate of disappearance of marker from the blood (6), whereas GFR by renal clearance is determined by rate of appearance of marker in the urine (5). a Finco et al., 1981; Krawiec et al., 1986; Watson et al., 2002 b Fettman et al., 1985 Watson et al., 2002 c Bovee and Joyce, 1979; Finco et al., 1981; Krawiec et al., 1986; Watson et al., 2002; Narita et al., 2006 d Finco et al., 1981 Labato and Ross, 1991; Watson et al., 2002 e Labato and Ross, 1991; Watson et al., 2002; Cortadellas et al., 2008; Panciera and Lefebvre, 2009 f Goy- Thollot et al., 2006b; Lefebvre et al., 2006; O'Dell Anderson et al., 2006; Bexfield et al., 2008; Kongara et al., 2009 g 95% CI only calculated for GFR techniques with a minimum of five reported mean measurements h Weighted mean GFR after exclusion of outlying study (Labato and Ross, 1991) = 3.30 i 95% CI after exclusion of outlying study (Labato and Ross, 1991) = 2.96-3.64.
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Table 3
Selected published GFR results from dogs with naturally-occurring or clinically relevant induced diseases Selected published GFR results from cats with naturally-occurring or clinically relevant induced diseases Endocrine disease Untreated hyperthyroidism (naturally-occurring)
